This study investigated the influence of airway secretion viscosity on the characteristics of crackle sounds produced using a mechanically ventilated porcine lung model. Aqueous ultrasonic methylene blue stained gel solutions of viscosity 100, 150 and 200 P were prepared and instilled into 15 isolated, mechanically ventilated, porcine lungs immersed in water. Sound signals recorded by a hydrophone before and after instillation of gel were subjected to both fast Fourier transform and wave-form analysis. At the completion of sound recording, the main bronchi were dissected and the location of the stained gel was photographically recorded. Wave-form analysis demonstrated that expiratory phase crackle incidence and amplitude were both significantly higher than inspiratory phase data. This study demonstrates that crackle duration and amplitude are inversely related to gel viscosity and that electronic lung sound analysis can provide indirect evidence of sputum viscosity. FIGURE 1: Position of the hydrophone in relation to the wire mesh.
Contemporary computerized lung sound analysis confirms that fine crackles originate from the equalization of pressures in the airways [1] [2] [3] . The mechanism of crackle sound pathogenesis in airways containing excessive secretions has not been investigated. Furthermore, crackle characteristics and their relationship to sputum viscosity has not been previously reported. This study aims to investigate the influence of viscosity of a sputum-like gel on crackle characteristics in a mechanically ventilated porcine lung model.
MATERIALS AND METHODS

Preparation of Sputum-Like Gel
Aquasonic 100 ultrasound transmission gel (Parker Laboratories, Inc., N.J. U.S.A.) was diluted with water at room temperature (25°C) and stained with methylene blue. The resultant solution appeared on visual inspection to be mucoid in texture at the higher viscosity and more fluid at the lowest viscosity. The viscosity of the solution was measured using the RVT Synchro-Lectric Viscometer (Brookfield Engineering Laboratories, Inc., Stoughton, MA, U.S.A.) (calibrated to within the manufacturer's recommended limits) with a number 6 spindle rotating at a speed of 5 rpm. The solution was diluted as necessary until the viscosity was 100 poise (P)(±2%). Three artificial sputum solutions of viscosity 100, 150 and 200 P were prepared in a similar manner because 'non-treated' human sputum samples collected without saliva were shown to have viscosity in the range of 100 to 200 P 4 . Aqueous gel solution was chosen as the sputum simulant because its viscosity remained constant over time and like human sputum, it is non-Newtonian in nature. Confirmatory determination of gel viscosity at the end of data collection was identical to precollection values.
Preparation of the Porcine Lung Model
Fifteen lungs were harvested from white female pigs (body weight 25 to 30 kg) following sodium pentobarbitone overdose. The lungs were weighed and intubated with a cuffed (leak free) tracheal tube of appropriate size (Portex, Profile Cuff, SIMS U.K.). The lung was orientated to the quadruped standing position and attached loosely to a steel frame at the bottom of a water bath to prevent flotation with inflation ( Figure 1 ). Water bath temperature was allowed to equilibrate with room temperature which was maintained at 25°C throughout the experimental procedure. Manual re-inflation of the lung was accomplished with an adult Laerdal silicone resuscitator (Laerdal Medical Corp. Armonk, N.Y.) prior to commencement of mechanical ventilation. A wire mesh was attached to the inner sides of the plastic basin and above the lung to restrain excessive vertical movement during inflation. A hydrophone (Bruel & Kjaer, Type 8130, Denmark) with a flat frequency response between 0.1 Hz and 100 kHz and a sensitivity of 0.1 pC/Pa was attached to a charge amplifier (Bruel & Kjaer, Type 2635, Denmark) with the sensitivity set to 10 units/V. Anti-aliasing filtering at 3 kHz and a high pass filter at 2 Hz were used. The output signal from the charge amplifier was transmitted to a notebook computer (Compaq Presario 1082, Intel Pentium 166 MHz CPU, 48 MB RAM) via a connector panel (DT784, Data Translation, U.S.A.) and an analog-to-digital card (DT7102, PC Card-EZ™, Data Translation, U.S.A.).
The hydrophone was positioned through the wire mesh close to the left cranial lobe ( Figure 1 ). Care was taken to ensure that the hydrophone did not make contact with any part of the lung or restraining frame during the respiratory cycle. The tracheal tube was suctioned to ensure the upper respiratory tract was clear of secretions before sound recording. The lungs were mechanically ventilated with a Bird Respirator (Mark 7A Ventilator, Bird Corporation, U.K.) connected via a pneumotachograph (Hans-Rudolph Inc, Kansas City, MO) to the tracheal tube. The peak inspiratory pressure was set at 30 cm H 2 O with a ventilatory rate of 16 inflations per minute. Signals from the pneumotachograph were sent to an oscilloscope for on-line display of the flow pattern. Sounds received by the hydrophone during five consecutive respiratory cycles were recorded. The data acquisition window for each breath was three seconds and signals were sampled at a frequency of 10 kHz to enhance the capture of discontinuous sound.
After recording sound from five inflations, mechanical ventilation was interrupted and one of the three viscous gel solutions (randomly selected by drawing lots) was instilled into the tracheas of five consecutive porcine lung preparations via the tracheal tube. Five ml/kg lung weight was instilled using a large syringe attached to a 8 Fr suction catheter. The position of the tip of the catheter during gel instillation was standardized by first locating the carina and the catheter was then withdrawn 0.5 cm before gel installation. Gel instillation was performed by the same investigator at an injection rate of approximately 0.25 ml/s. After instillation of the gel, mechanical ventilation was resumed and the sound signals for the following five inflations recorded. At the completion of sound recording, the main bronchi were dissected and the location of the stained gel was photographically recorded.
Data Analysis
A background noise subtraction technique was used to isolate the characteristics of the sound resulting from gel instillation.
Spectral Analysis
The inspiratory and expiratory waveforms were identified from the pneumotachograph signal ( Figure  2 ). The inspiratory curve commenced with the point of positive deflection of the pneumotachograph signal (A). The following 0.8s were subjected to fast Fourier transform (FFT) such that the 0.8 s data were divided into eight sub-sections, each of 1024 data points. The FFT of these eight sub-sections were then averaged to give a spectral curve for one inspiratory breath. The "background" inspiratory spectral curve was obtained from the average of five inspiratory curves obtained "before" the instillation of gel. This was then subtracted from each of the five spectral curves obtained "after" instillation of gel. Applying this method, five "subtracted" inspiratory spectral curves for each "gel" viscosity from one porcine lung were obtained, resulting in 75 data files in total (5 respiratory cycles x 5 lungs x 3 viscosities). Expiratory spectral curves were obtained in a similar fashion, but because the duration with sound activity during the expiratory phase was shorter ( Figure 2 ), only 5000 points (0.5 s) were subjected to FFT. The first point used for expiratory analysis was B in Figure 2 . Data acquisition and analysis were performed using the software programme HPVEE for Windows (version 5.01, Hewlett-Packard Co. U.S.A.).
Wave-Form Analysis
The "subtracted" spectral curves were reverted to time-domain format by inverse FFT [5] [6] [7] and then subjected to wave-form analysis. Prior analysis showed the amplitude and phase difference between the original and subtracted waveform to be negligible. Subtracted crackle waveforms were identified using the criteria described by Murphy and colleagues 8 . Some typical crackle wave-forms are illustrated in Figure 3 . The number of crackles during each inspiratory and expiratory cycle, for each file, were counted. The initial deflection width (IDW), two cycle duration (2CD) and peak to peak power amplitude of each crackle were measured by placing the cursor appropriately on the waveform (Figure 3) .
To determine the difference in crackle incidence before and after background sound subtraction, the inspiratory and expiratory crackle incidence from data collected after instillation of the gel but before any subtraction process was determined on two separate occasions by the same investigator 10 days apart (in order to establish the intra-rater reliability of crackle identification). These data were subjected to Intra-Class Correlation (ICC) 9 .
Statistical Analysis
Repeated measures analysis of variance, followed by linear contrast analysis (user-specified a priori contrasts to be tested by the t statistic) with Bonferroni adjustment was used to test the difference between the three viscosities, and to take into consideration the recording of five respiratory cycles from each lung. Frequency at maximum power (fmax), bandwidth at ±3dB (BW50), crackle incidence, IDW, 2CD and amplitude were the variables tested. Inspiratory and expiratory data were analysed using the paired t test. Statistical analysis was performed using SPSS for Windows version 9. A significant level was set at P<0.01. 
RESULTS
The mean weight (SD) of the 15 porcine lungs was 0.54 kg (0.24). Lung dissection at the termination of sound recording showed the most viscous gel (200 P) to be distributed within the main bronchi and parenchymal tissue staining only occurring with the least viscous gel.
Wave-Form Analysis
On the first inspection, 257 inspiratory and 322 expiratory crackles were identified from the sound files after instillation of gel but without application of the background noise subtraction technique. At the second determination 10 days later, 229 inspiratory and 308 expiratory crackles were identified giving an ICC (3:1) coefficient value of 0.91 for inspiratory crackles and 0.89 for expiratory crackles. Following background noise subtraction, 162 inspiratory and 318 expiratory crackles were identified from the waveform files.
Analysis of the crackle waveform characteristics demonstrated that both crackle amplitude and duration produced with gel of the highest viscosity (200 P) was significantly shorter than that produced with gel of lower viscosities (P<0.0001) ( Table 1 ). The incidence and amplitude of expiratory crackles was found to be greater than inspiratory crackles (P<0.0001) ( Table 2) .
Spectral Analysis
Frequency at maximum power (f max ) recorded during the inspiratory phase was significantly affected by viscosity (P<0.0001), with the highest f max resulting from gas flow through the gel of the highest viscosity (Table 1) . Using contrast analysis (applying independent t tests to the three viscosities for comparison), f max recorded using the gel of greatest viscosity (200 P) was significantly higher than that using gel of the lower viscosities 100 P and 150 P but f max did not differ significantly between the lower two viscosities. Comparison of inspiratory and expiratory spectral data revealed that expiratory phase bandwidth was significantly narrower compared to inspiratory phase bandwidth (P=0.001) ( Table 2) .
DISCUSSION
Contemporary auscultation relies on a subjective description of pulmonary sound characteristics resulting in diagnostic inaccuracy and erroneous estimations of therapeutic management efficacy 10 . Electronic analysis objectively defines respiratory sound and attempts to establish a clear relationship between lung sounds and the underlying pulmonary status 11 .
Frequency at maximum power (f max ) is one of the indices of sound activity which allows an objective comparison of the characteristics of added sounds, such as crackles and wheezes 12 . We found that added sounds of highest f max were generated with gel viscosity of 200 P. There are no published comparable data, however an increase in the median frequency of the power spectrum with a decrease in FEV 1 associated with airway narrowing has been reported 13 . The more viscous gel was observed to undergo less airway redistribution with ventilation compared to the less viscous gel. This may have resulted in greater luminal narrowing over a shorter length of airway with a consequent increase in orifice flow velocity and an increase in the sound frequency generated with airflow. Methylene blue parenchymal staining was only observed with the lowest viscosity gel, raising the possibility of secretion movement into the lung as a result of intermittent positive pressure ventilation. Any inferences drawn are necessarily limited because the porcine lung model described has a nonphysiological transpulmonary pressure gradient, absent ciliary function and gel movement was recorded as a single "snapshot" observation. An alternative explanation of the higher f max with higher viscosity may lie in the flutter concept proposed by Gavriely and colleagues 14, 15 . Fluttering of very viscous gel in a narrowed pathway results in a higher inspiratory flow velocity which in turn generates higher sound frequencies compared to airflow through lower viscosity gel. The clinical implication of this observation is that higher pitched pulmonary crackle sounds may indicate viscous pulmonary secretions necessitating attention to patient hydration, humidification of inspired gases or administration of mucolytic agents. The expiratory bandwidth at half power was significantly shorter than the inspiratory bandwidth at half power, suggesting that expiratory sound activity was concentrated in a narrower frequency range. This implies that expiratory crackle sounds should be more distinct clinically than inspiratory crackles. Indeed, electronically unaided observation confirmed that the expiratory crackle sound was louder and more distinct than inspiratory crackles. Furthermore our study demonstrated that the number of expiratory crackles and their amplitude were both significantly greater than during inspiration. It is postulated that this may have resulted from a higher gas flow rate during expiration. It has been shown that a higher flow rate will generate a higher flow velocity in the vicinity of the deposited gel, generating more crackles and causing a higher amplitude sinusoid wave over the gel 16 . Both crackle incidence and individual crackle amplitude contribute to the breath sound, and hence its frequency spectrum. Individual crackle amplitude has not been previously reported although a higher inspiratory compared to expiratory fine crackle incidence has been reported in patients suffering from heart failure, fibrosing alveolitis and pneumonia [17] [18] [19] .
Comparison of crackle incidence before and after background noise subtraction showed that inspiratory crackle incidence was significantly less after subtraction but the difference in expiratory crackle incidence was minimal. We postulate that this was due to a higher level of environmental noise during inspiration, particularly from the ventilator which produces sound which shares many of the spectral characteristics of inspiratory crackles. Crackles were more difficult to identify before application of the subtraction technique, nevertheless ICC data demonstrated a high level of identification consistency. Subtraction however removed the background noise and some of the "shared" crackle frequencies thereby causing an apparent reduction in inspiratory crackle incidence. However gel-generated crackles remained the predominant sound during passive expiration and therefore the expiratory incidence was minimally affected by background sound subtraction.
This study demonstrated that gel viscosity significantly influenced both crackle duration and amplitude. Crackles of shortest duration were generated when gel of highest viscosity was instilled into the ventilated lung. We endorse the views of Mori and colleagues 2 who hypothesized that when gas flows through a more viscous gel, a stiffened, damped sinusoidal wave is produced which has a shorter deflection width. The mean IDWs generated in this study were in the range 2.3 to 5.5 ms and 2CDs ranged from 8.5 to 22.8 ms. Non-continuous sound parameters in this range would be classified as coarse crackles by the American Thoracic Society 20 . These data are slightly longer than those recorded at the chest wall of 673 VISCOSITY AND CRACKLE CHARACTERISTICS Anaesthesia and Intensive Care, Vol. 28, No. 6, December 2000 patients suffering from bronchiectasis 17 , pneumonia 18 and chronic bronchitis 19 . However these authors draw no inferences in relation to sputum amount or viscosity, as neither of these variables were measured. It does appear however that sputum-produced crackles are of longer duration because it has been demonstrated that crackle duration in pneumonia becomes progressively shorter as the disease process resolves 18 . Piirila attributed this to a decrease in water content of the lung parenchyma as the inflammatory process improved 18 . Direct comparison of previously reported data with this study must be guarded because crackles recorded by a hydrophone have not been previously reported and high-pass filtration can distort the duration of crackle sound 21 . A high-pass filter at 2 Hz was used in this study to eliminate the low frequency signal induced by ventilator vibration of the lungs.
Limitations of the Study
In this study, data obtained from instillation of the lowest (100 P) and highest (200 P) viscosity solutions were consistent and progressive. Data obtained following instillation of the intermediate gel solution were inconsistent and not significantly different from the least viscous solution. This suggests that other variables within the lung model resulted in a degree of data perturbation which did not allow changes directly attributable to viscosity to be clearly differentiated unless the comparable difference in gel viscosity was at least 100%.
Although the porcine lung model simulated the bronchial branching architecture of the human lung, the absence of a thoracic cage and surrounding tissues alters sound intensity and restricts the authenticity of comparisons with pulmonary sounds recorded from outside the thorax. The isolated lung model also eliminates the effect of cilial activity on secretion movement. A further limitation of this study is that gel and not human sputum was used. Sputum is not aesthetic to handle and requires complicated freezing and thawing procedures in preparation and we therefore chose to prepare a gel solution with a viscosity in a range comparable to human sputum. Considerable caution must be exercised when relating these results to the much more complex situation in human disease, particularly as the amplitude and duration of crackles are known to be so variable.
CONCLUSION
A high sputum viscosity reduces bronchial sputum clearance 22, 23 . Electronic lung sound analysis may provide an alternative non-invasive assessment of sputum clearance and treatment effectiveness by indirect monitoring of crackle duration and amplitude, and frequency at maximum power (f max ) evaluated over time. This study infers that crackle duration and amplitude as well as inspiratory f max can all provide indirect evidence of intrapulmonary sputum viscosity.
